. In comparing the meropenem clearance here with those in previous studies, ultrafiltration flow rate was found to be the parameter that accounted for the differences in clearance of meropenem (R 2 ‫؍‬ 0.89). In conclusion, high-volume CVVHF causes significant clearance of meropenem, necessitating steady-state doses of 1,000 mg every 8 h to maintain sufficient concentrations to treat less susceptible organisms such as B. pseudomallei.
Sepsis is a leading cause of morbidity and mortality among critically ill patients (8) , and the mainstay of treatment is early initiation of broad-spectrum antibiotics and advanced supportive care. Acute kidney injury (AKI) occurs in up to 5% of all critically ill patients, and 70% of these patients will require renal replacement therapy (RRT) (16) . An ongoing concern for these patients is the persisting high mortality rates that have been reported to be as high as 60% (24) . Optimized antibiotic dosing may help reduce this burden. However, despite our knowledge of the significant problems associated with the presence of infection in critically ill patients, there is a paucity of data to guide antibiotic dosing with differing RRT settings and modalities.
Meropenem is an antibiotic that is often used for empirical treatment of infections in critically ill patients with AKI (10) . It has clinically insignificant protein binding (2 to 3%) (10) and, as a carbapenem antibiotic, shows time-dependent bacterial killing, meaning that the unbound or free (f) antibiotic concentration in blood should be maintained above the MIC of the pathogen for at least 40% of the dosing interval (f 40% T ϾMIC ) (7) . Emerging retrospective human data suggest that clinical advantages may exist for maintaining meropenem concentrations for longer periods and at concentrations up to five times the MIC (f 100% TϾ 5ϫMIC ) (1, 17) . While the elimination half-life of meropenem is increased in patients with renal dysfunction, the addition of RRT will cause some level of meropenem clearance (6, 9, 14, 23, 26) . Therefore, dosing strategies specific for critically ill patients receiving RRT are essential to optimize antibiotic exposure and minimize the poor clinical outcomes observed in these patients (19) .
The pharmacokinetics of meropenem have been described in patients being treated with continuous venovenous hemofiltration (CVVHF), continuous venovenous hemodialysis (CVVHD), and continuous venovenous hemodiafiltration (CVVHDF) (4, 9, 11, 13-15, 21-23, 25, 26) . There is significant variability in the pharmacokinetics of meropenem in these studies. RRT clearance of meropenem is thought to be related to the volume of ultrafiltrate, the surface area of the filter membrane, the blood flow, and the duration of renal replacement therapy (RRT) (14) . Previous studies have used filter membrane surface areas ranging from 0.45 to 0.9 m 2 , and fluid exchanges used between 1 and 2 liters/h. The recommended meropenem dosing regimens arising from these studies have ranged between 500 mg every 12 hours and 1,000 mg every 12 hours, which were reported to provide therapeutic concentrations to treat susceptible pathogens with a meropenem MIC 90 of 0.1 to 0.2 mg/liter.
Despite these detailed studies, there are no data to describe the pharmacokinetics of meropenem during high-volume CVVHF. High-volume CVVHF uses high-volume exchanges and filters with larger membrane surface areas. This modality of CVVHF is reported to provide more rapid clearance of inflammatory mediators and stabilization of physiologic parameters. Furthermore, there is some evidence that high-volume filtration may be of clinical benefit in patients with severe sepsis (3).
However, treatment of more-resistant bacteria, such as Burkholderia pseudomallei (MIC 90 , 4 mg/liter) and some strains of Pseudomonas aeruginosa, is problematic. B. pseudomallei is a significant part of the sepsis burden in tropical Australia. It is an intracellular, Gram-negative bacterium causing melioidosis, a community-acquired infection with high mortality rates (5, 12) . For this serious infection, meropenem is the optimal antibiotic choice (5) .
The objectives of this study were, first, to investigate the pharmacokinetics of meropenem in critically ill patients with severe sepsis who are receiving high-volume CVVHF with high-volume exchanges (Ն4 liters/h); second, to determine whether standard dosing regimens are sufficient for treatment of less susceptible organisms such as B. pseudomallei; and, finally, to compare the clearances observed in this study with data from previous studies using lower-volume exchanges (1 to 2 liters/h).
(This study was presented, in part, at the 2009 Interscience Conference on Antimicrobial Agents and Chemotherapy, San Francisco, CA.)
MATERIALS AND METHODS
This was a prospective, observational pharmacokinetic trial, performed in the intensive care unit of a 350-bed teaching hospital in Australia. (2) and were receiving high-volume CVVHF for oligo-or anuric-renal failure were eligible for enrollment. Meropenem was prescribed at the discretion of the treating intensive care physician. Informed consent was obtained from the patient or the patient's legally authorized representative.
Meropenem administration. All patients were administered a standard dose of meropenem, 1,000 mg, via central venous catheter every 8 hours in line with local departmental guidelines. Meropenem was reconstituted with 20 ml of sterile water for injection and given as a bolus.
Renal replacement therapy. Continuous venovenous hemofiltration (CVVHF)
was performed in all the patients using the Nephral ST500 (AN69 hollow-fiber) filter with a surface area of 2.15 m 2 . All patients were initiated on the CVVHF at least 8 hours prior to the sampling period. Vascular access was obtained via the subclavian, internal jugular, or femoral vein, using a double-lumen 10G 14Fr catheter. The ultrafiltrate rate was set between 4 and 6 liters/h, with a target blood flow rate of 15 liters/h. The circuit was anticoagulated with heparin or citrate at the physician's discretion.
Sample collection. Pharmacokinetic sampling occurred during one 8-hour dosage interval at steady state (defined as after the fourth meropenem dose). To minimize interruptions from filter failure from clotting, the filter was changed if it was more than 3 h old at the commencement of the sampling period. Two milliliters of blood was collected in a lithium heparin tube pre-and postfilter, predose, and at 15, 30, 45, 60, 120, 240, and 480 min. Ultrafiltrate samples were collected at the same time points. Total ultrafiltrate and urine for the dosing period were measured, and 10-ml aliquots were kept for analysis. All samples were immediately refrigerated at 4°C, and plasma was separated and frozen at Ϫ80°C within 24 h of sample collection. The blood samples were centrifuged at 3,000 rpm for 10 min.
Meropenem assay. Meropenem concentrations in plasma, ultrafiltrate, and urine were determined by validated assay methods on a Shimadzu Prominence high-pressure liquid chromatography (HPLC) system. The stationary phase was a Phenomenex Gemini C 18 column (5 m, 150 ϫ 3 mm), and the mobile phase was acetonitrile with 10 mM phosphate buffer at pH 6.5 (10%:90% organic agent/buffer). Meropenem and the internal standard (ertapenem) were detected by UV detection at 298 nm.
Meropenem standards and quality controls were prepared in matrices of plasma, ultrafiltrate, and urine. For all three matrices 100 l of sample was diluted with buffer at pH 6.5 and internal standard, while plasma samples were subsequently deproteinated with acetonitrile and washed with dichloromethane before injection. Linearity was validated from 1 to 500 g/ml (plasma), 1 to 200 g/ml (ultrafiltrate), and 10 to 1,000 g/ml (urine; dilution for samples over 1,000 g/ml was validated at within 2%). Accuracy and precision were determined from n ϭ 6 replicates of quality controls at high, medium, and low concentrations; results were within 6% for all matrices at all levels.
Pharmacokinetic analysis. The pharmacokinetic values were calculated using noncompartmental methods. The area under the concentration-time curve from 0 to 8 h (AUC 0-8 ) was calculated using the linear trapezoidal rule. Total body clearance (CL tot ) was calculated as dose/AUC 0-8 . The area under the moment curve (AUMC 0-8 ) was calculated using the linear trapezoidal rule. Mean residence time (MRT) was calculated as AUMC 0-8 /AUC 0-8 . The maximum concentration for the dosing period (C max ) and the minimum concentration for the dosing period (C min ) were the observed values; the apparent terminal elimination rate constant ( z ) was determined from log-linear least squares regression analysis of concentrations from 2 to 8 h; the apparent volume of distribution during terminal phase (V z ) was CL/ z ; the half-life (t 1/2 ) was ln(2)/ z . The extraction ratio (ER) across the filter was calculated as the ratio of the meropenem venous blood sample concentration to the arterial blood sample concentration, and the sieving coefficient (SC) was calculated as the ratio of the concentration of meropenem in the ultrafiltrate to the concentration in the arterial blood 
RESULTS
Clinical data. Ten patients were enrolled in the study. The clinical and demographic characteristics of the patients are described in Table 1 . The plasma pharmacokinetic data are described in Table 2 . Figure 1 shows the median (interquartile range) plasma meropenem concentrations over one dosing interval in the 10 patients. The hemofiltration settings and pharmacokinetic data are described in Table 3 .
We omitted the 8-h sample from patients 4, 5, and 6 from analysis as we observed values more than 4 standard deviations outside the likely value. The likely reason for the unexplained values was inadvertent early administration of the subsequent dose. In the absence of the actual 8-hour sample for these patients, we used the trough concentration from the previous dose as a surrogate concentration in the pharmacokinetic analyses. To confirm the appropriateness of this assumption, we determined an elimination rate constant using linear regression from the 2-h and 4-h samples to confirm that the previous trough concentration was appropriate given the rate of clearance observed in the present dosing interval.
Previous studies have been published describing the pharmacokinetics of meropenem in various forms of CVVHF with low-volume exchanges. The settings and pharmacokinetics parameters observed in these studies are compared with those observed in this study in Table 4 . When attempting to explain the different CVVHF clearances that have been reported by these previous studies, only ultrafiltrate flow rate (UFR) enabled normalization of data for drug clearance (R 2 ϭ 0.89). Neither membrane surface area (R 2 ϭ 0.30) nor blood flow rate (R 2 ϭ 0.18) could sufficiently describe meropenem hemofiltration clearance. No other demographic, clinical, or dialysis factors were found to describe meropenem CVVHF clearance adequately.
DISCUSSION
This is the first study to investigate the pharmacokinetics of meropenem during high-volume CVVHF. The results of this study show significant meropenem clearance in patients with acute kidney injury receiving CVVHF with high-volume exchanges.
Meropenem is a frequently used empirical antibiotic treatment in the critical care setting because of its broad spectrum of action. Pharmacodynamically, meropenem shows time-dependent bacterial killing, and optimal bactericidal activity suggests that maintaining a concentration above the MIC for at least 40% of the dosing time is required. However, emerging retrospective clinical studies involving meropenem support a longer f T ϾMIC in critically ill patients of up to 100% of the dosing interval (18, 19) . However, for critically ill patients with renal dysfunction or those requiring renal replacement therapy such as CVVHF, there remains significant concern from clini- cians that dosing recommendations facilitate optimal pharmacodynamic exposures of meropenem. The pharmacokinetics of meropenem in CVVHF have been studied previously. However, the operational characteristics of the CVVHF used in these studies have varied greatly; the membrane surface areas have varied between 0.43 and 0.9 m 2 , the ultrafiltrate flow rate (UFR) between 1 and 2 liters/h, and the blood flow rates between 0.6 and 12 liters/h, and different types of membranes have been used. The local protocol used at our institution uses significantly higher blood flow rates (250 ml/min), higher UFRs (4.4 liters/h), and a membrane with a surface area of 2.15 m 2 . Hence, our study is able to provide a valuable contrast between each of the studies on the relative effect of UFR on meropenem clearance.
In this study, we observed a median clearance due to this form of hemofiltration of 3.49 liters/h. Compared to the previous studies using low ultrafiltrate flow rates, we have observed that meropenem clearance is largely explained by the differing UFRs. In evaluating the total clearance (CL tot ) from each of the studies, the reasons for the differences are not apparent. The effects of residual renal function and the levels of sickness severity were reported inconsistently between these studies, making a systematic interpretation not possible.
Knowledge of drug clearance during a form of renal replacement therapy is important. However, dosing can rarely be based solely on clearance data. Once steady state has been achieved, dosing should be based on drug clearance. In renally impaired patients receiving renal replacement therapy, consideration of possible residual renal clearance or other nonrenal clearance is essential. Although data for upregulated nonrenal clearance exist for ciprofloxacin in renal dysfunction (20), we are not aware of any similar data for meropenem. This paper has shown that meropenem clearance during CVVHF is heavily influenced by UFR. It follows that the clinical use of high-volume CVVHF requires a higher meropenem dose than previously considered necessary for CVVHF. Our data suggest that CVVHF settings similar to that used in our study require a steady-state meropenem dose of 1,000 mg every 8 h to maintain concentrations above the MIC of less susceptible pathogens such as B. pseudomallei (MIC 90 , 4.0 mg/ A possible limitation to the comparisons made between this study and others using CVVHF with lower-volume exchanges is the use of prefilter replacement fluid in this study. Of the other studies undertaken, each of them used postfilter dilution with replacement fluid. This is unlikely to affect the conclusions on the importance of UFR for meropenem clearance but may be important.
In conclusion, CVVHF with high-volume exchanges results in significant clearance of meropenem. Comparing the results of our study with previous studies that use lower-volume exchanges, we have been able to show that UFR is the main determinant of meropenem clearance during CVVHF. It follows that, when using CVVHF with high-volume exchanges, higher doses than those usually used in CVVHF are appropriate. Our data suggest that steady-state dosing of 1,000 mg every 8 h provides appropriate meropenem concentrations for less susceptible organisms such as B. pseudomallei.
